Introduction
In coastal marine environments, corals and oxygenic phototrophs form complex interactions, resulting in incredibly diverse ecosystems. In this rich environment, phototrophic algae and cyanobacteria compete with one another for available light using various types of antennas and pigments (Fork and Larkum 1989; Miyashita et al. 1996; Kühl et al. 2005; Chen et al. 2012) . These phototrophs often form layers, with the top layers composed of Prochlorophytes, a group of cyanobacteria containing chlorophyll (Chl) a and Abstract Far-Red Light (FRL) acclimation is a process that has been observed in cyanobacteria and algae that can grow solely on light above 700 nm. The acclimation to FRL results in rearrangement and synthesis of new pigments and pigment-protein complexes. In this study, cyanobacteria containing chlorophyll f, Synechococcus sp. PCC 7335 and Halomicronema hongdechloris, were imaged as live cells with confocal microscopy. H. hongdechloris was further studied with hyperspectral confocal fluorescence microscopy (HCFM) and freeze-substituted thin-section transmission electron microscopy (TEM). Under FRL, phycocyanincontaining complexes and chlorophyll-containing complexes were determined to be physically separated and the synthesis of red-form phycobilisome and Chl f was increased. The timing of these responses was observed. The heterogeneity and eco-physiological response of the cells was noted. Additionally, a gliding motility for H. hongdechloris is reported.
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b, as well as other cyanobacteria and algae (Raymond and Swingley 2008) . In addition to these Chls, many cyanobacteria also utilize bilin-containing phycobilisome (PBS) antennas that harvest light energy in the green wavelengths (Gantt 1981) . The combination of these antennas absorbs primarily visible light, while transmitting the red and far-red wavelengths.
In the niche layers where transmitted far-red wavelengths are available in abundance, cyanobacteria containing the modified FRL absorbing pigments Chl d and Chl f are found (Miyashita et al. 1996; Kühl et al. 2005; Chen et al. 2010 Chen et al. , 2012 Behrendt et al. 2011 Behrendt et al. , 2015 . Chl f is a red-shifted Chl with a formyl group at the C2 position, as opposed to the C2 methyl in Chl a, and is synthesized by a variant PsbA protein (Willows et al. 2013; Ho et al. 2016) . Chl f is the most red-shifted Chl and was originally discovered in stromatolites, which contain complex communities of phototrophs (Chen et al. 2010 (Chen et al. , 2012 Chen and Blankenship 2011) . Chl f has garnered attention for the ability to expand solar spectrum coverage and for applications in synthetic biology Chen 2014; Hou et al. 2014; Xu et al. 2014) . One species containing this accessory pigment, which absorbs light at a maximum of 706 nm in methanol, is the filamentous marine cyanobacterium Halomicronema hongdechloris (Chen et al. 2010 (Chen et al. , 2012 . Since the discovery of Chl f in H. hongdechloris, this pigment has been found in other cyanobacterial species as well, such as Leptolyngbya sp. strain JSC-1 and Synechococcus sp. PCC 7335 (Gan et al. 2014b; Ho et al. 2017a, b) .
Chl f is a niche-adapted accessory pigment, and its production is induced by FRL conditions in several species (Chen et al. 2012; Gan et al. 2014a ). While Chl f-containing organisms are capable of collecting light energy within the far-red region and driving oxygenic photosynthesis using this energy, many of them also have an additional strategy for FRL absorption: red-shifted PBS (Li et al. 2016; Ho et al. 2017a, b) . The PBS is the primary pigment-protein antenna complex in most cyanobacteria, and these megadalton soluble antenna complexes absorb visible light in the range where Chl a absorbs poorly (Li et al. 2016) .
These changes in antenna composition are manifestations of extensive transcriptional alterations that have been observed when Chl f-containing cyanobacteria are exposed to FRL growing conditions, termed Far-Red Light Photoacclimation (FaRLiP) (Gan and Bryant 2015) . In Leptolyngbya, substantial alterations in the gene expression profile of the organism have been reported when switched between FRL and white light (WL) growing conditions and a FaRLiP gene cluster was identified (Gan et al. 2014b ). In addition to spectral and proteomic changes, this suggests that a massive alteration of the cell, including differential pigment expression, changes to light harvesting complex sizes, and more, is required for growth under FRL. Responses to far-red light include significant changes to photosynthetic antennas in Synechococcus sp. PCC 7335 (Syn 7335). The organism has been shown not only to produce Chl f during FaRLiP, but also to remodel PSI, PSII, and PBS (Ho et al. 2017a, b) . PBS size, structure, absorption properties, and polypeptide structure are all significantly modified under far-red light grown conditions (Ho et al. 2017a, b) . H. hongdechloris has also been reported to contain a version of the FaRLiP gene cluster and to change the PBS structure under FRL (Li et al. 2016) .
In many species of cyanobacteria, significant spectral and proteomic changes have been observed when switched between FRL and WL conditions (Gutu and Kehoe 2012 
Methods

Cell growth
Halomicronema hongdechloris was grown on seawater KES medium under two different light conditions as previously described (Niedzwiedzki et al. 2014) . Syn 7335 was grown on A+ medium for cyanobacteria under the same light conditions as H. hongdechloris. Cells originally grown under white light, 5 μmol photons m −2 s −1 intensity, were sub-cultured and transferred into far-red light of the same intensity provided by 740 nm LEDs for 1, 3 days, or 3 weeks, named WL, 1DFRL, 3DFRL, and 3WFRL, respectively.
Confocal fluorescence microscopy
Live cells were imaged using a Leica SP8-X confocal fluorescence microscope. Cells mounted in growth medium on slides or glass-bottom petri dishes were imaged using a 100×, 1.44 NA oil immersion lens. Fluorescence excitation was provided by a 405-nm diode laser at 4% power and emission from photosynthetic pigments was collected as follows: First, total cell fluorescence emission spectra were recorded from 400 to 800 nm and representative spectra were chosen. Intensities were normalized to area (H. hongdechloris) and the plots were smoothed using a Savitzky-Golay filter at a factor of 5, polynomial order 2. This was used to distinguish Chl and phycobilin signals that were then assigned to two channels. For H. hongdechloris cells, the bandpasses were 623-688 nm (phycobilins, cyan color) and 695-737 nm (Chls, red color). For Syn 7335, they were 549-595 nm 1 3 (green color) and 632-704 nm (red color), based on reference spectra (Yokoo et al. 2015) . To separate Chl a and f signals, both H. hongdechloris and Syn 7335 were imaged with three channels using bandpasses 550-663 nm (phycobilins, cyan color), 672-689 nm (Chl a, green color), and 705-739 nm (Chl f, red color). Video of live cells was also taken on the same microscope with the same conditions over several minutes.
Transmission electron microscopy
Pelleted cells in growth medium were packed in specimen carriers and ultra-rapidly frozen in a Bal-Tec high-pressure freezer (HPM 010, Technotrade International) at the Danforth Plant Science Center. Frozen samples were substituted in 2% osmium tetroxide plus 0.1% uranyl acetate in acetone for 5 days at −85 C, slowly thawed to 20 °C, rinsed in acetone, and embedded in Spurr's resin. Thin sections were cut using a Leica UCT ultramicrotome, stained in uranyl and lead salts, and digitally imaged at 120 kV using a LEO 912 AB energy filter TEM (Zeiss).
Spacing of thylakoid membranes was measured from the TEM images using the Measure tool in Fiji ImageJ, calibrated with the image's pixel size (Schindelin et al. 2012) . Distances were measured from the middle of one membrane to the next along the straight sides of the cell. Multiple distances were measured per cell and several cells were measured per growth condition. For the WL cells, a total of 34 measurements were made in four cells. For the 3DFRL cells, a total of 44 measurements were made in three cells, and for the 3WFRL cells, 41 measurements were made in five cells. The mean average of the measurements was taken and standard deviations calculated.
Hyperspectral confocal fluorescence microscopy (HCFM) and multivariate spectral image analysis
WL, 1DFRL, and 3WFRL samples were shipped overnight cool and then stored on the benchtop until imaged. 1DFRL and 3WFRL samples were wrapped in colored plastic to prevent any non-FRL wavelengths from reaching the sample. Samples were prepared by placing a 4 µL aliquot onto a glass slide and allowing it to settle for 2 min. A glass coverslip was placed on top and sealed with nail polish. Samples were immediately imaged. All imaging was completed within 30 min after slide preparation. Hyperspectral images were acquired using a custom hyperspectral confocal fluorescence microscope described in detail elsewhere (Sinclair et al. 2006) . In brief, ~20 µW of 488 nm solid-state laser excitation light (Sapphire, Coherent, Inc.) was directed to the sample through a 60× oil-immersion objective (NA 1.4, Nikon plan apochromat). Fluorescence emission was passed to a custom prism spectrometer where it was dispersed and projected to an Electron multiplying (EM) CCD detector operating with a custom read-out mode (iXon, Andor Technologies, Inc.). Through a combination of beam and stage scanning, this instrument is capable of raster scanning at a rate of 4096 spectra/sec. Spectra were acquired every 125 µm, leading to lateral resolution of 250 nm and axial spatial resolution of ~600 nm (provided by the 50-µm-diameter pinhole placed at the entrance of the spectrometer). Multiple images (>10) with multiple filaments in each image were acquired for each light condition.
Hyperspectral image data were preprocessed to remove cosmic rays (spikes) from the EMCCD and subtract the nonuniform dark current contribution . Preprocessed images from all light conditions were compiled into a composite hyperspectral image data set and a mask was created based on average signal intensity to restrict the analysis to only image pixels containing cellular information Haaland et al. 2016) . Using a constrained, alternating least squares algorithm (Van Benthem et al. 2002; Van Benthem and Keenan 2004) , a six-component multivariate curve resolution (MCR) model was developed that described >96% of the spectral variation in the composite image data set. The relative abundance of each of these spectral signatures in each image pixel was estimated using a classical least squares algorithm. All multivariate image analysis was performed in Matlab 2014a equipped with the image processing and statistics toolboxes with in-house written GUI-based MCR software.
Results
Confocal fluorescence microscopy
Confocal fluorescence microscopy of H. hongdechloris identified motility, FRL response, and localization of complexes. Live-cell imaging video revealed gliding motility for H. hongdechloris (Fig. S1 , Movies 2 & 3). Fluorescence emission maxima were observed at approximately 660, 680, and 720 nm and assigned as PBS, Photosystem II (PSII) and Photosystem I (PSI), respectively (Fig. 1a) . However, the Chl a peak at 680 nm may still have contribution from PBS and likewise the 720 nm peak may have contribution from the red-form PBS in H. hongdechloris, which was reported to have a fluorescence emission peak at 730 nm (Vermaas et al. 2008; Tomo et al. 2014; Li et al. 2016) . For H. hongdechloris grown under WL conditions, PBS and Chls are co-localized in the thylakoid membranes, suggesting an alignment of the PBS and photosystems (Figs. 1a, S2 and S3). The PBS signal was more intense than the Chl signal, but intensities do not necessarily correlate with amount of pigment (Fig. 1a, blue trace) . After 3 days of growth under far-red light (3DFRL), the image no longer showed significant areas of spatial overlap for PBS and Chl signals, indicating that Chls and PBS were no longer in the same physical area in the cell (Figs. 1a, S2 ). The PBS signal still had higher intensity throughout most of the cell, but distinct pockets of Chl signal were observed. Chl signal intensity was observed to increase and red-shift, indicating the presence of more Chl f pigment molecules.
After 3 weeks of growth under Far-Red Light (3WFRL), the cells had undergone a massive rearrangement of the pigments and no co-localization of the WL-PBS and Chl signals was observed (Figs. 1a, S2 ). The WL-PBS signal intensity had decreased significantly and was restricted to the polar areas of the filaments, at septa. A red shift in the PBS emission wavelength was detected from 650 to 656 to 659 nm, and was in line with reported degradation products of the phycobilin-protein-pigment-complexes containing phycocyanin (PC) and the synthesis of red PBS composed of allophycocyanin (APC) (Yamanaka and Glazer 1980; Grossman et al. 1993; Li et al. 2016; Ho et al. 2017b ). Chl signal intensity had increased compared to Chl signal under WL and 3DFRL conditions. The fraction of pixels with an emission wavelength of over 710 nm at the maximum grew considerably, which is characteristic of a greater Chl f and red-form PBS contribution and less Chl a. This suggests that the cells are moving the WL-PBS away from the photosystems and breaking the WL-PBS down rather rapidly since decrease in WL-PBS fluorescence intensity and localization to the septa is seen in the transition state. In all three light growth conditions, heterogeneity is observed within a single image. The patterns of pigment localization reported here are the dominant patterns in the large majority of cells.
Syn 7335 was grown and imaged as a low-Chl f producing and non-filamentous comparison under the same conditions as H. hongdechloris (Fig. 1b) . Syn 7335 and H. hongdechloris have previously been reported to have different FRL acclimation responses (Li et al. 2016; Ho et al. 2017b ). Syn 7335, unlike H. hongdechloris, displayed growth defects under FRL. Fluorescence emission maxima of PBS were at Fig. 1b) . Under FRL, the cells' overall fluorescence intensity decreased. Little signal from WL phycobilin pigments was observed, while Chl signals were dominant in the thylakoids (red rings, Fig. 1b) . Since Syn 7335 is also reported to have a red-form PBS, some of the Chl signal may be from the red-PBS (Ho et al. 2017a) . WL-phycobilin signal (green dots, Fig. 1b) was observed more in the center of the cell. This could indicate physical separation of PBS and photosystems as observed in H. hongdechloris, but could also be a difference in visual effect because of the difference in cell morphology.
TEM
Transmission electron microscopy of ultra-rapidly frozen cells was conducted on H. hongdechloris cells in all three light growth conditions. Individual PBS could not be seen, but the thylakoid membranes were distinguishable. The thylakoid membrane spacing is partly, but significantly, determined by the size of the PBS residing within it, and PBS size and shape are known to change under different light conditions (Yamanaka and Glazer 1980) . Thus, changes in the width of inter-thylakoid space are indicative of changes in the size of the PBS.
Thylakoid membrane spacing under WL (Fig. 2a) had an average spacing distance of 40.7 ± 4.5 nm, which corresponds with large intact PBS. For 3D FRL (Fig. 2b) , thylakoid membranes had an average spacing distance of 38.6 ± 8.8 nm, which was not a statistically significant difference from WL, p value 0.17. However, after 3 W FRL (Fig. 2c) , the membranes had an average spacing distance of 30.9 ± 3.7 nm, which is statically significantly different than WL and 3DFRL, p values 4.8 × 10 −15 and 1.9 × 10 −6
, respectively. This decrease in spacing distance suggests either a decrease in PBS size, degradation of the protein-pigment complex, or PBS with different structures (Yamanaka and Glazer 1980; Grossman et al. 1993; Li et al. 2016) . Measured distances did not vary much within one growth condition. 3DFRL had the largest variation, which is attributed to 3DFRL being a transition state in the acclimation to FRL. The trend in decreasing thylakoid membrane spacing is consistent with the changes in fluorescent emission intensity and the physical pigment location in the cells. The spacing distances reported here are larger, but follow the same trend, than that reported before for H. hongdechloris, which is attributed to the different membrane preparation methods (Li et al. 2016 ). Ultra-rapid freezing has been well demonstrated to give more accurate preservation of cell structure than chemical fixation (Gilkey and Staehelin 1986; Dahl and Staehelin 1989; Studer et al. 1992 ).
Hyperspectral confocal fluorescence microscopy (HCFM)
Based on the results of the confocal microscopy and TEM, HCFM was employed to identify, spectrally resolve, and localize the signals arising from the different pigment components within a cell. Pure component spectra and relative abundances of each pigment in each pixel were determined using multivariate curve resolution (MCR) analysis Haaland et al. 2016) . Five underlying spectral components were identified from photosynthetic pigments and are titled by their maximum fluorescence emission intensity wavelength: 646, 660, 684, 739, and 749 nm (Fig. 3) . These five components represent PBS and Chls and have large spectral coverage spanning the far-red wavelengths. The 646 nm component is assigned to PBS and has the lowest wavelength absorption of the non-carotenoid pigments, likely with PC as the majority pigment (Vermaas et al. 2008; Collins et al. 2012) . The 660 nm is also attributed to PBS, specifically the APC pigment (Collins et al. 2012) . The 684 nm component is assigned as Chl a in PSII, but also has a prominent 710 nm shoulder in the spectrum. The 710 nm shoulder is most likely the Chl a molecules in PSI. This pigment has been observed to vary independently from Chl a in PSII, thus resulting in its own spectrum (Vermaas et al. 2008 ), but it does not do so here. The 739 nm component is most likely a far-red-shifted PBS component and the 749 nm component is assigned to Chl f.
Live cell fluorescent images of different spectral components were then compared for the three light conditions (Fig. 4) . Figure 4a displays the subcellular localization of the two pigments dominant under FRL conditions, red-PBS and Chl f, in all three light conditions. The 739 nm component is present in all samples, but at a much lower abundance in the WL grown cells. The localization appears evenly distributed throughout thylakoid membranes in the WL grown cells; however, the localization is altered under FRL conditions and more red-PBS is seen in the junctions between cells and in concentrated foci. The Chl f spectrum is also present in all samples, but it is much less abundant in the WL grown cells and isolated to a few cells/spots, rather than the uniform distribution seen for the 739 nm component. After 1 day in FRL conditions, Chl f was increasing in intensity throughout the cells as compared to WL grown cells, but after 3 weeks in FRL conditions, the localization is quite heterogeneous and large "hotspots" of concentrated Chl f are observed. The intensity of both components increases many fold with increasing FRL exposure time. Figure 4b shows the location of the pigments dominant in the WL growth conditions, Chl a and WL-PBS' PC and APC, under all three light conditions. Extreme heterogeneity was observed in the WL cells with some images displaying characteristics akin to the leftmost image panel and some more similar to the right, which has an increased PBS contribution. Very little Chl a or WL PBS components are evident at the FRL-3 weeks condition as evidenced by the dim images in the lower panel of Fig. 4b . However, if the images are rescaled to the maximum intensity values in the FRL-3 weeks images alone, an interesting localization pattern is observed. Chl a is homogeneously distributed throughout the cells, while the APC component of the PBS is concentrated at the cell junctions (inset, Fig. 4b ). The PC component of the PBS is only discernable above the noise in a few cells. Fig. 3 Pure Component Spectra. Spectral components identified from composite HCFM data set containing ~20 images each from live H. hongdechloris cells grown under WL, FRL-1 day and FRL-3 weeks conditions. Solid spectra correspond to pigments dominant under FRL conditions, while dashed lines correspond to pigments dominant under WL conditions. Spectra are normalized to unit length. An additional spectrum corresponding to an instrument offset was included in the spectral model but is not shown
Discussion
Pigment assignments and signal intensities
In both cyanobacteria examined in this study, WL-PBS and Chl a signals decrease with FRL exposure time while signals from Chl f and red PBS increase suggesting that the cell produces more Chl f and red form PBS under FRL. Chl f is known to be synthesized at very low, nearly undetectable, levels under WL and up to ~10% of the pigments after weeks under FRL (Gan et al. 2014a; Li et al. 2014) . The 740 nm and higher fluorescence emission peaks are associated with Chl f and are not seen under WL using standard confocal fluorescence microscopy, but are visible with HCFM due to the different sensitivities of the different detectors in the red wavelengths. For Syn 7335 and H. hongdechloris cells, the signal for Chl f increases significantly under FRL, but are still smaller than the signals for Chl a in line with the previously measured pigment contents. However, some pixels in the 3WFRL HCFM measured samples of H. hongdechloris had more than twice the Chl f and red-PBS signal as Chl a. The loss of WL PBS signal under FRL conditions further suggests that the cyanobacteria degrade shorter wavelength absorbing complexes that are not being used under FRL, leaving the pigment-protein complexes that can absorb the incident FRL.
The fluorescence emission peak observed at 720 nm in both Chl f-containing cyanobacteria with confocal fluorescence microscopy has the highest fluorescent intensity under FRL and is the more challenging one to assign. Before redform PBS were established, this signal was attributed to Chl a of PSI or Chl f (Li et al. 2014) . It was redder than any previously reported signal for photosystems or for PBS. We now assign this peak as PSI with contributions from redform PBS and Chl f. This assignment is corroborated by the HCFM data since 720 nm is not identified as an independent component.
Heterogeneity of signal intensity and location is observed in all images, but overall patterns for each growth condition were consistent across images and biological replicates. The heterogeneity within images is attributed to shading and different cell-growth stages, which demonstrate a more ecophysiological response to light. Different pigment expressions in response to shading have been observed in other Fig. 4 Hyperspectral confocal fluorescence images a Color overlay images corresponding to the location and abundance of the FRL PBS (green) and Chl f (red) in H. hongdechloris cells under WL, 1DFRL, and 3WFRL growth conditions. b Color overlay images corresponding to the location and abundance of the WL PBS (blue PC, green APC) and Chl a (red) in the same H. hongdechloris cells in as part A. Two representative images are shown for each of the conditions. Color scale is kept consistent in all of the main images. Insets A red square highlight image areas that are zoomed in slightly and the color scale is altered to improve contrast. Scale bar 2.5 µm FRL acclimated cyanobacteria (Gan and Bryant 2015) . Not all cells receive equal light because of culture density and cell movement, which is supported by the observation of the gliding motility for H. hongdechloris. Discussion in the literature has also attributed the different responses to FRL to the different environments these cyanobacteria live in (Gan et al. 2014a; Li et al. 2016; Ho et al. 2017a; Wolf et al. 2017) . H. hongdechloris FRL adaption is more permanent or finely tuned to FRL while others can still use RL since the stromatolites are a more fixed environment (Gan and Bryant 2015) .
Pigment localization
In their natural environment, many photosynthetic organisms experience filtered light conditions, and the quality and quantity of this filtered light depend on the overlying layers of phototrophs, water, and debris (Chen and Blankenship 2011) . Photosynthetic organisms often use several pigment types to capture more of the incoming light (Chen et al. 2010) . These pigments are bound in protein antenna complexes and under optimal growth conditions are found throughout the membranes of the cells in prokaryotes. These pigment-protein complexes can have supramolecular organization patterns in the membrane in order to facilitate better energy transfer efficiency, as is the case in purple bacteria and filamentous anoxygenic phototrophs (Majumder et al. 2016) . This also means arranging the antenna complexes to be co-localized with the reaction centers.
The protein-pigment antenna complexes from H. hongdechloris also have distinct observable localization patterns. Under WL growth conditions, the PBS and Chl signals have spatial overlap, suggesting the PBS and photosystems are co-localized. This is the expected result, since PBS are found on top of photosystems in order to transfer excitation energy from PBS to PS (Liu et al. 2013) . Under FRL growth conditions, the degree of co-localization between the WL-PBS and Chl signals decreased with FRL exposure, and no co-localization was detected after three weeks. All Chl signal was in the thylakoid under all light conditions and the intensity was evenly distributed throughout the thylakoids, except the "hot-spots" of Chl f under 3WFRL condition. Although the total Chl signal is even throughout the thylakoids, signals from pure components attributed to Chl a and Chl f in the HCFM of H. hongdechloris did not have many areas of spatial overlap in the cell, suggesting that they may not be incorporated into the same photosystem or light harvesting protein or are less-frequently found in the same complex.
The isolation to the septa and disappearance of WL-PBS signals suggests that the cells are physically separating their WL-PBS complexes from their photosystems (PS) under FRL conditions, possibly because the WL-PBS antennas cannot absorb the FRL. The same localization has been observed previously in H. hongdechloris, but the emission detection channels were not capable of resolving the spectrally similar emissions (Li et al. 2014) . With the HFCM resolution, it is apparent that specifically the 660 nm PBS component, APC, is localized to the septum. The 646 nm component, PC, has disappeared under FRL, presumably because it is not usable for energy transfer with incident FRL. The disappearance of the PC component under FRL conditions is consistent with the modified antennae complex consisting of only APC cores (Li et al. 2016) . Red-form PBS has areas of spatial overlap with Chl f in 3WFRL samples suggesting that light harvesting and energy transfer could occur through the red-form pigment-protein complexes under FRL conditions. The small amount of WL-PBS cores remaining could also possibly contribute to energy transfer, but are not co-localized with either Chl a or Chl f.
In addition to the intensity and localization of the PBS signals, the TEM of the membranes provides further evidence to the isolation and disappearance of WL-PBS. The decrease in membrane spacing with increased FRL exposure time is consistent with a breakdown of WL-PBS and replacement with smaller red-form PBS since biochemical studies of the red-PBS found smaller and differently structured PBS (Li et al. 2016) . The signal intensity, pure components, localization, and membrane spacing taken together imply large-scale movement, degradation, re-formatting, and assembling of various PBS forms in response to the changing light conditions for H. hongdechloris.
Syn 7335, by comparison, has a slightly different pattern as to the co-localization of PBS and Chl. Syn 7335 cells are cocci and single-cellular, and thus lack septa to move the PBS to. Instead, the WL-PBS signals seem pushed more toward the center of the cell and away from the thylakoid membranes. Syn 7335 is then also moving the WL-PBS components away from the red-form antennas, Chls, and photosystems. Syn 7335 does not produce as much Chl f as H. hongdechloris and the difference is visible in the signal intensities when compared across growth conditions. Additionally, Syn 7335 displayed growth defects under FRL while H. hongdechloris did not, suggesting the FRL antennas and photosystems and their arrangement in the cells of H. hongdechloris are better at capturing, transferring, and using energy from FRL, which aligns with studies of energy transfer in the organism (Tomo et al. 2014; Akimoto et al. 2015) .
Implications for chromatic acclimation mechanisms
These data, taken together, suggest a possible succession of changes happening in H. hongdechloris and Syn 7335 under FRL. Cells after 1 or 3 days of FRL exposure are a transition state to the FRL acclimated state observed in the 3WFRL cells. Since the far-red signal intensity increased significantly by the 1-day and even more by three-day measurements, it suggests that red-PBS and Chl f biosynthesis are the first responses to far-red illumination. In the transition state, WL-PBS signals had decreased a little and were still mostly evenly distributed in the cell. This indicates that the WL-PBS response and rearrangement is slower. Perhaps the increased synthesis of Chl f represents a stress response mechanism, and the degradation and rearrangement of the WL-PBS complexes is a longer-term acclimation strategy to FRL growth. Cells need to shift their light harvesting capabilities to optimally make use of the available wavelengths of light. These observations on the whole cell scale, but with subcellular resolution, implicate that there are larger processes happening in FRL acclimation mechanisms in conjunction with the rearrangements within pigment-protein complexes.
Conclusions
The observed changes in pigment and protein localization under far-red illumination demonstrate the importance of subcellular localization in addition to biochemical and transcriptional changes. While chromatic acclimation has been shown in the biochemical sense before in H. hongdechloris and Syn 7335, live imaging of cells, especially with the spectral resolution of HCFM, combined with TEM of whole cells, demonstrates the importance of the re-localization of WL pigment-protein complexes and co-localization of newly formed proteins and pigments under far-red illumination. During far-red acclimation, white-light absorbing complexes are displaced and degraded, as new far-red absorbing species are synthesized. The order of the responses was observed in both cyanobacteria, studied. The gliding motility of H. hongdechloris was also observed. This FRL acclimation localization of PBS and photosystems is in agreement with previous reports, and shows that spatial-temporal regulation is important in addition to the characterized biochemical and transcriptomic changes.
